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Objective. To determine If the new, orally active 
CSa receptor antagonist, the cyclic peptide AcF- 
[OPdChaWR], reduces the severity of pathology in a rat 
model of immune-mediated monarticular arthritis. 

Methods* Arthritis was induced in the right knee 
of previously sensitized rats by the intraarticular injec- 
tion of methylated bovine serum albumin. Rats were 
examined for either 14 days or 28 days, or for 49 days 
following a second antigen challenge at 28 days. The CSa 
antagonist (1 or 3 mg/kg/day) and/or ibuprofen (30 
mg/Kg/day) were administered orally on a daily basis 
either before or after arthritis induction. 

Results. Rats receiving AcF-[OPdChaWR] had 
significant reductions in right knee swelling, gait dis- 
turbance, lavaged joint cell numbers, and right knee 
histopathology, as weU as in serum levels of tumor 
necrosis factor a (TNFa) and intraarticular levels of 
interleukro-6 and TNF<* on day 14. In the 14* and 28-day 
studies, ibuprofen resulted in a similar reduction in gait 
abnormalities and intraarticular inflammatory cells 
compared with the CSa antagonist, but was less effective 
in reducing knee swelling over the course of the study 
and had no effect on knee histopathology. Combination 



Presented in part at the International Workshop on Comple- 
ment Associated Diseases, Animal Models, and Therapeutics, San- 
torinf, Greece, October 2001. 

Supported in part by a grant from the National Health and 
Medical Research Council of Australia. 

'Trent M. Woodruff, BSc, Anna J. Strachan, BSc, Nathan 
Dryburgh, BSc, Robert C Reid, PhD, David P, Fairlie, PhD: Univer- 
sity of Queensland, St. Lucia, Australia; 2 Ian A ShieU, BVSc, PhD, 
Stephen M. Taylor, PhD: University of Queensland, St Lucia, 
Aimralia/Promics Pty Ltd, St, Lucia, Australia. 

Address correspondence and reprint requests to Stephen M. 
Taylor, PhD, School of Biomedical Sciences, Department of Physiol- 
ogy and Pharmacology, University of Queensland, St. Lucia, Queens- 
land 4072, Australia. E-mail: s.taylor@mailbox.uq.edu.au. 

Submitted for publication February 13, 2002; accepted in 
revised form April 25, 2002. 



therapy with AcF-[OPdChaWR] and ibuprofen resulted 
in no greater efficacy than with the CSa antagonist 
alone. Rats Injected twice with the antigen in the 49-day 
study displayed the roost severe histopathology and this, 
as well as knee swelling and gait abnormalities, was 
significantly reduced by repeated treatment with the 
CSa antagonist 

Conclusion. An agent that inhibits the action of 
CSa in this model significantly reduced joint pathology, 
while ibuprofen was not effective. CSa antagonists could 
therefore have broader therapeutic benefits than non- 
steroidal antiinflammatory drugs as antiarthritic 
agents for rheumatoid arthritis. 

Complement activation produces the 74-residue 
protein CSa, which is the most potent of the anaphyla- 
toxins (1), CSa mediates numerous immune and inflam- 
matory functions, including chemotaxis and activation of 
inflammatory cells, increased vascular permeability, 
spasmogenesis, immune regulation, and the release of a 
variety of inflammatory cytokines and mediators (1-3). 

Rheumatoid arthritis (RA) is an immune com- 
plex disease involving the local activation of inflamma- 
tory cells, predominantly in the smaller peripheral joints. 
The complement system, and in particular the factor 
CSa, has long been identified as a likely contributor to 
the pathogenesis of RA. Elevated levels of CSa have 
been found in the plasma and inflamed joints of patients 
with RA (4,5). The number of CSa receptors on synovia] 
mast cells is also increased in RA (6). Most important, 
the degree of complement activation in the joint and 
circulation correlates with the severity of the disease, 
suggesting that CSa plays a central role in disease 
pathogenesis (7-10), 

Several animal models of RA have been used to 
elucidate the role of complement and CSa in this 
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disease. Depletion of complement with cobra venom 
factor has been shown to delay the disease onset in a 
number of laboratory models of RA, including adjuvant 
arthritis, collagen-induced arthritis (CIA), and antigen- 
induced arthritis (AIA) in rats (11-13), /idministration 
of recombinant soluble complement receptor 1 (sCRl) 
or anti-C5 antibodies, either intraperitoneally (IP), in- 
travenously (IV), or intraarticularry (IA), has been 
shown to reduce disease progression in anti-CD59 
antibody-induced models of acute arthritis (14), CIA 
(13,15), and AIA (12). However, the role of C5a as a 
pathogenic factor in these models has been difficult to 
prove due to the lack of availability of a specific C5a 
antagonist. 

This issue was addressed recently with the use of 
a peptidic C5a receptor antagonist, MeFKPdChaWr, in 
a model of membrane attack complex (MAC)- 
dependent anti-CD59 antibody-induced arthritis (14). 
Administration of the antagonist, either IV or IA, failed 
to inhibit the development of disease parameters (14). 
Explanations for the apparent lack of C5a involvement 
in this animal model include the possibility of impaired 
clearance of MAC rather than activation of the comple- 
ment cascade, failure of pathology to be affected by 
complement depletion, and resolution of the lesion 
within 3 days (16). 

Current drug therapies for RA remain relatively 
ineffective at retarding disease progression and are 
associated with significant side effects (for review, see 
ret 17). Drugs such as the nonsteroidal antiinflamma- 
tory drugs (NSAIDs), which include ibuprofen, provide 
palliative relief of symptoms, but have little beneficial 
effect on the pathology and progression of disease 
(17,18). Patients with developing RA require an effec- 
tive, orally active therapy that will moderate the symp- 
toms as well as arrest the progression of the destructive 
joint pathology. 

Researchers in our laboratory have recently de- 
veloped a series of small molecule antagonists of the 
human C5a receptor (19,20). One of these is a cyclic 
peptide, AcF-[OPdChaWRl, which is orally active and 
has been shown to effectively reduce the severity of 
diseases in various rat models (21-23). In the present 
study, we tried to use this specific C5a receptor antago- 
nist to determine the relative contribution of CSa in the 
pathogenesis of immune-mediated monarticular arthri- 
tis and assess the effectiveness of the antagonist in 
treating the disease symptoms and pathology. This com- 
pound has been shown to be a potent antagonist of both 
human and rat CSa receptors on polymorphonuclear 
leukocytes (PMNs) (24). It is also a potent antagonist of 



CSa receptors on human macrophages (25). We there- 
fore hypothesized that any demonstration of anti- 
arthritic activity in rats would bode well for future 
testing in human arthritic conditions. The data herein 
demonstrate that oral administration of AcF- 
[OPdChaWR], either before or after induction of the 
disease, is effective at preventing the development of 
pathology and moderating disease progression. These 
findings confirm the importance of CSa in this disease 
model and suggest a future role for antagonists of the 
CSa receptor in the treatment of immune-mediated 
arthritis and other inflammatory diseases. 

MATERIALS AND METHODS 

Animals* Female Wistar rats weighing 225-275 gm 
were used in this study. All animal experimentation conducted 
in this study was performed in accordance with National 
Health and Medical Research Council of Australia guidelines. 

Antagonist preparation. The cyclic peptide, AcF- 
[OPdChaWR] (AcPhe[Orn-Pro-D-cydohexylalanine-Trp- 
Arg]), was manufactured as previously described (20). The 
compound was purified by reverse-phase high-performance 
liquid chromatography and fully characterized by mass spec* 
tromctry and proton nuclear magnetic resonance spectroscopy. 

Experimental procedure. Rats were sensitized by sub- 
cutaneous injection of 0.5 rug methylated bovine scrum albu- 
min (mBSA; Sigma, St. Louis, MO) in 0.5 ml Freund's 
complete adjuvant (Sigma) on day 21 and day 14 prior to 
challenge. Two weeks after the second injection (day 0), rats 
were anesthetized with ketamine (80 mg/kg IP, ilium; Lyppard, 
Brisbane, Australia) and xylazine (12 mg/kg IP, ilium; Lypp- 
ard) and both hind legs were shaved. A suspension of 0-5 mg 
mBSA in 100 /d saline was aseptically injected into the joint 
space of the right knee, with the contralateral left knee 
receiving saline alone. Swelling of the right and left knees was 
quantitatively assessed at various times during the study period 
by measuring the medial-lateral width across the joint with 
Vernier calipers. The appearance of each rat's gait was also 
scored (0-4) independently in a blinded manner during the 
study. A normal gait (no limp and full weight-bearing ability 
on the right hind leg) was scored as 0; a mild limp on the right 
hind leg was scored 1; a moderate limp on the right hind 
leg was scored 2; a severe limp on the right hind leg was scored 
3; and no weight-bearing ability on the right hind leg was 
scored 4. 

At the completion of each study, left and right knee 
joints were lavaged with 100 pi saline and total and differential 
cell counts were performed. The fluid was then centrifuged 
(11,00%, 3 minutes) and the supernatant stored at -20"C until 
analyzed for concentrations of tumor necrosis factor a (TNFa) 
and interleukin-6 (IL-6). A sample of blood was also obtained, 
allowed to clot, and centrifuged (11,00%, 3 minutes), with the 
resulting serum stored at -20°C for later determination of 
TNFa concentrations. The knee joints from every rat were 
dissected out, stored in 10% buffered formalin for at least 10 
days, and decalcified in a saturated solution of EDTA for 21 
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days. They were then embedded in paraffin, and sections were 
cut, mounted, and stained using hematoxylin and eosin. 

Study design and treatment groups* Three separate 
experimental trials were conducted tasting either 14, 28, or 49 
days after arthritis induction. The trials lasting 14 or 28 days 
were performed twice and data were pooled for the final 
analysis. There were no differences in results between the 
replicate experiments. A very small proportion of sensitized 
rats (4 of 130) showed no knee swelling after intraarticular 
injection of antigen; these rats were excluded from the study. 

In the initial experimental trial, rats were monitored 
for 14 days after arthritis induction. One group of rats received 
1 rngikgfciay AcF-[OPdChaWR] in the drinking water, com- 
mencing 2 days prior to the induction of arthritis on day 0 and 
continuing throughout the study. The control group received 
water only. It was initially determined that rats drink 25 * 3 ml 
water per day (mean £ SEM; n = 8), and drinking volumes 
were monitored dairy during the experiments to validate the 
dose delivery. Administration of the CSa antagonist at this 
dose in the drinking water of rats for 7 days was effective at 
completely blocking C5a-induced neutropenia and the binding 
of CSa to neutrophils isolated from these rats (data not 
shown). The prolonged in vivo activity of the CSa antagonist 
following a single oral dose (22) also validated this dose 
regimen. Another group of rats received either AcF- 
[OPdChaWR] (1 mgflcg/day) or ibuprofen (sodium salt, 30 
mg/kg/day; Sigma) in the drinking water from day +2 onward, 
with control rats receiving water alone. 

In the second study, rats were monitored tor 28 days 
after arthritis induction. Animals received cither AcF- 
[OPdChaWR] (1 mg/kg/day), ibuprofen (sodium salt, 30 mg/ 
kg/day), or a combination of AcF-[OPdCfaaWR] (1 rag/kg/day) 
and ibuprofen (sodium salt, 30 mg/kg/day) in the drinking 
water from day -2 onward. Control animals received water 
only. A separate group of rats received AcF-[OPdChaWR] (3 
mg/kg/day) in the drinking water from day +4 onward, with 
control rats receiving water only. 

In the third study, rats were monitored for 49 days after 
induction of arthritis, with rats being reanesthetfeed on day 28 
with a second injection of 0.5 mg mBSA in 100 pi saline in the 
right knee and saline alone in the left knee. In this study, one 
group of rats received 1 mg/kg/day AcF-[OPdChaWRl in the 
drinking water from day -2 and throughout the study, with the 
arthritic control rats receiving water only. 

TNFa and 3DL-6 measurement Samples of serum and 
intraarticular lavage fluid were assayed for TNFa levels using 
an enzyme-linked immunosorbent assay (EUSA) kit (Phar- 
Mingen, San Diego, CA) with a 1:10 dilution of samples as 
previously described (21,22). Intraarticular levels of IL-6 in the 
lavage fluid were determined using an EUSA method as 
previously described (21,22), Concentrations of TNFa and 
IL-6 in the samples were determined by linear regression 
analysis from the standard curve. 

Histologic evaluation. Histologic sections from the 
right and left stifle joints of each animal were examined by an 
independent observer (IAS) in a blinded manner and graded 
on a scale of 0-4. A grade of 0 involved no detectable 
abnormalities. Pathology of grade 1 had some inflammatory 
cell Infiltration in the synovial membrane with no significant 
thickening of the membrane or cartilage erosion. Joints with 
extensive inflammatory cell infiltration and thickening of the 



synovia) membrane were scored 2. Joints with a more severe 
lesion were scored as 3, while the most severe lesion (scored 4) 
showed significant thickening and fibrosis of the joint capsule, 
involvement of the articular cartilage, appearance of inflam- 
matory cells in the joint space, and extensive synovitis. 

Statistical analysis. All experimental results are ex- 
pressed as the mean ± SEM. Data were analyzed using 
GraphPad Prism 3.02 software (GraphPad Software, San Di- 
ego, CA). Statistical comparisons were made between drug- 
free arthritic rats and all other treatment groups or between 
the arthritic right knees and saline-injected left knees, using 
either Student's Mest or the Mann-Whitney U test. P values 
less than 0.05 were considered statistically significant. 

RESULTS 

Fourteen-day study. Measurements of the saline* 
injected left knee of each rat did not significantly change 
from preinjection values during the course of each 
experiment (data not shown). Following the injection of 
mBSA on day 0 in drug-free sensitized rats, the average 
increase in the width of the right knee peaked on day +3 
(4.69 ± 0.32 mm; n 11) (Figure 1A). Rats that had 
been pretreated from day -2 with AcF-[OPdChaWR] (1 
mg/kg/day) had significantly (P < 0.05) reduced rigjht 
knee widths from days +2-14 (peak on day +3 2.08 X 
0.59 mm; n = 9) compared with drug-free arthritic rats 
(Figure 1A). Gait scores in drug-free arthritic rats also 
increased above baseline levels following induction of 
arthritis (Figure IB). Pretreatment with the CSa antag- 
onist significantly decreased these scores from days 
+2-14 (P < 0.05). There was a high correlation between 
gait scores and knee swelling in drug-free arthritic rats 
for all 3 experimental trials (14-day trial r 2 = 0.83, n ~ 
7; 28-day trial i 2 = 0.96, n -» 11; 49-day trial r 2 = 0.84, 
n « 17) from day +2 to completion of the study. 

In a separate study, the effects of the CSa antag- 
onist or ibuprofen on knee swelling and gait scores 
following the establishment of arthritis were examined. 
Rats treated with either AcF-[OPdChaWRJ (1 mg/kg/ 
day) or ibuprofen (30 mg/kg/day) from days +2-14 had 
significantly reduced knee swelling (days +3-14) and 
gait scores (days +4-14) compared with arthritic rats 
that received no drug treatment (P < 0.05; Figures 1C 
and D). 

In the initial 14-day study, TNFct and ILr6 levels 
were found to be elevated in the right knee lavage fluid 
on day 14, as were TNFa levels in the serum of drug-free 
arthritic rats (Figures 2A and B). Rats pretreated with 
the CSa antagonist had significantly lower levels of these 
cytokines (P < 0.05; Figures 2A and B) in the joint and 
serum on day 14. The majority (>90%) of cells recov- 
ered from the right knee lavage fluid on day 14 were 
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Flgnrt 1. Right knee swelling and gait scores (14-<lay study). Antigen 
was injected into the right articular capsule of rats on day 0, which 
resulted in increases in knee swelling and gait scores (scored 0-4). 
Rats treated with AcF-fOPdChaWR] (1 mgftgtfay) from day -2 
onward had significantly reduced knee swelling (A) and gait scores (B) 
compared wfth drug-free arthritic rats. Rat* treated with AcF- 
[OPdChaWR] (1 mg/kg/day) or ibuprofen (30 mg/kgMay) from day +2 
onward also had a significant reduction in knee swelling (C) and gait 
scores (D) compared with drug-free arthritic rats. Results are ex- 
pressed as the mean and SEM, with periods of significant difference 
from drug-free arthritic rats denoted by bars (solid for AcF- 
|OPdChaTO) and dashed for ibuprofen) {P < 0.05; n = 9-12). D * 
period when drug treatment began. 



PMNs. Significantly fewer PMNs were found in the 
lavage fluid of rats treated with AcF-[OPdCbaWR] or 
ibuprofen throughout the study, or in rats treated with 
the C5a antagonist from day +2, compared with drug- 
free arthritic rats {P < 0.05; Figure 2C). 

The saline-injected left knees of all rats in every 
study showed no histologic abnormalities (Figure 3A) 
and all were scored 0 (data not shown). Sections from 
the right knees of drug-free arthritic rats on day 14 had 
marked cellular infiltration, which was predominantly 
neutrophils, and mild synovial cell proliferation, with a 
mean ± SEM histopathology score of 3.2 ± 03 (n «= 16; 
Figures 2D and 3B and C). Histologic sections from rats 
pretreated with AcF-[OPdChaWR] had a lesser degree 
of cellular infiltration and synovial proliferation, result- 
ing in a significantly lower histopathologic score of 3.4 ± 
0.5 (P < 0.05; n « 8) (Figures 2D and 3D and E). 



Histologic sections from rats posttreated with the C5a 
antagonist 2 days after the induction of arthritis also had 
a lower degree of cellular infiltration and synovial 
proliferation compared with those from drug-free ar- 
thritic rats, although to a lesser extent than rats pre- 
treated on day -2 with the C5a antagonist (Figure 3F). 





Figure 2. Intraarticular cytokine and polymorphonuclear leukocyte 
(PMN) levels, serum tumor necrosis factor a (TNFa) levels, and 
histopathologic scores (14-day study). Antigen was injected into the 
right articular capsule and saline into the left articular capsule of rats 
on day 0. On day 14, the animals were killed and the knee capsules 
lavaged for determination of TNFa and interieukin-6 (1L-6) levels, and 
PMN numbers. Scrum was also analyzed for TNFa concentrations, 
and histopathologic analysis (scored 0-4) was performed on knee 
sections, A, Intraarticular TNFa and 1U€ concentrations were found 
to be significantly reduced In the right knee capsules of rats treated 
with AcF.[OPdChaWR] (1 mg/kg/day, days -2-14) compared with 
drug-free arthritic rats (n « 4-8). B, Serum levels of TNFa were also 
significantly reduced in rats treated with AcF*[OPdChaWft] (1 mg/kg/ 
day, days -2-14) compared with drug-free arthritic rats (n « 8). C, 
Numbers of PMNs in the right knee intraarticular lavage fluid were 
significantly reduced in all drug treatment groups compared with right 
knee articular fluid from the drug-free arthritic rats (n =* 8-12), D, 
Histopathologic scores in rats treated with AcF-[OPdChaWR] (l 
m^kg/day), either from days -2-14 or from days +2-K were 
significantly lower than those in drug-free arthritic rats (n = 8-16). 
Rats treated with ibuprofen (30 mg/kg/day, days +2-14) bad no 
improvement in histopathologic scores (n « 5). Data are expressed as 
the mean and SEM, * » P < 0.05. 
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Figure 3. Sections of knees from rats in the 14-day study. A, Saline- 
injected left knee with normal synovial membrane (SM) and joint 
space (JS) (score 0). B, Arthritic right knee of a dmg-free rat. with 
Inflammatory cell} (IC) evident in the joint space (score 3). C, Higher 
magnification of the boxed area in 3, with neutrophils (N) indicated. 
D, Right knee of an AcF-[OPdChaWR) (1 mg/kg/day, days -2-14)- 
treated rat (score 1). E, Higher magnification of the boxed area in D, 
with neutrophils and macrophages (M) shown. P, Right knee of an 
AcF-fOPdChaWR] (1 mg/kg/day, days +2-14>-treated rat (score 1). 
G, Right knee of an ibuprofen (30 mg/kg/day, days +2-l4)-trcated rat 
(score IS). H, Higher magnification of the boxed area in G, with 
neutrophils and macrophages indicated. S «* areas of synovitis. Images 
are typical and representative of each treatment group, and the score 
indicated is for the section shown. (Hematoxylin and eosin stained; 
original magnification X40 in A, B, D, F, and G; X200 in d E, and H.) 



The mean histopathologic score in these posttreated rats 
was 2.2 ± 0.4 (n = 8), which was significantly lower than 
that to drag-free arthritic rats (P < 0.05; Figure 2D). In 
contrast, histologic sections from rats treated with ibu- 



profen (30 mgflcg/day) from days +M4 had no change 
in parameters (score 35 ± 0 3; n « 6) compared with 
those from drug-free arthritic rats (Figures 2D and 3G 
andH). 

Twenty-eight-day study. Following arthritis in- 
duction, right knee widths of drug-free arthritic rats 
rapidly increased above baseline to peak on day +3 
(4.98 ± 0.39 mm above baseline; n = 14) and slowly 
decreased to 0.51 ± 0.21 mm on day 28 (Figure 4A). 
Rats pretreated with AeB-[OPdGhaWR] (1 mg/kg/day) 
from day -2 had significantly lower right knee widths 





Figure 4. Right knee swelling and gait scores (2&day study). Antigen 
was injected into the right articular capsule of rats on day 0, which 
resulted in increases in knee swelling and gait scores (scored 0-4). 
Rats treated with AcF-[OPdChaWR] (1 mg/kg/day) from day -2 
onward had significantly reduced knee swelling (A) and gait scores (B) 
compared with drug-free arthritic rats. Rats treated with ibuprofen (30 
mg/kg/day, days -2-28) also had significantly reduced knee swelling 
(A) and gait scores (B) compared with drag-free arthritic rats, but for 
a lesser time period than rats treated with the C5n antagonist for knee 
swelling. RaU treated with a combination of both the CSa antagonist (1 
mg/kg/day) and ibuprofen (30 mg/kg/day) from day -2 onward also 
hud significant reduction in these parameters (A and £), which was 
comparable with those in rati treated only with the C5a antagonist. 
Rats treated with AcF-(OPdChaWR) (3 mg/kg/day) from day +4 
onward again had a significant reduction in knee swelling (C) and gait 
scores (D) compared with drug-free arthritic rats. Results are ex- 
pressed as the mean and SEM, with periods of significant difference 
from drag-free arthritic rats denoted by bars (dashed for ibuprofen and 
solid for AcF.(OPdChaWR] and AcF^OPdChaWR]/ibuprofen com- 
bination) [P < 0.05; n =» 11-16). D « period when drug treatment 
began. 
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Figure 5. Intraarticular macrophage* and histopathologic scores (26- 
day study). Antigen was injected into the tight articular capsule and 
saline into the left articular capsule of rats on day a On day 28, the 
animals were kilted, knee capsules were lavaged for determination of 
macrophage numbers, and histopathologic analysis (scored 0-4) was 
performed on stained knee sections. A, Macrophage numbers in the 
right knee intraarticular lavage fluid were significantly reduced in all 
drug treatment groups compared with right knee articular fluid from 
the drug-free arthritic rats (n «* 6-10). B, Histopathologic scores from 
rats treated with AcF-(OPdChaWR) either from days -2-28 (1 
mg/kg/day) or from days +4-28 (3 m^kg/day), or in rats treated from 
days -2-28 with a combination of the CSa antagonist (I nig/kg/day) 
and ibuprofen (30 mg/kg/day) were significantly tower than those from 
drug-free arthritic rets (d = 10-16). Rats treated with ibuprofen alone 
(30 mg/tyftlay, days -2-28) had no improvement in histopathologic 
scores (n = 6). Data are expressed as the mean and SEM. * ■» P < 
0,05. 



from days +1-28 (peak on day +3 2.66 ± 0.52 nun; n = 
12) (P < 0.05; Figure 4A). Rata pretreated with ibupro- 
fen (30 mg/kg/day) had significantly decreased knee 
widths from days +2-8 only (peak on day +3 2.30 ± 0 JO 
mm; n = 11) (P < 0.05; Figure 4A). Rats receiving a 
combination of the CSa antagonist (1 mg/kg/day) and 
ibuprofen (30 mg/kg/day) from day -2 had a significant 
reduction in right knee widths from days +1-28 (peak 
on day +3 2.19 ± 0.06 mm, n = 12) (P < 0.05; Figure 
4A), which was comparable with that of rats receiving 
the CSa antagonist alone. Gait scores in rats pretreated 
with either the C5a antagonist, ibuprofen, or the com- 
bination of both were significantly reduced compared 
with those of drug-free arthritic rats from days +1-12 
(P < 0.05; Figure 4B). 

In the 14-day studies, which were performed first 
in the series reported here, the C5a antagonist was 
administered at 1 mg/kg/day both as a preventative (days 
-2-14) and as reversal (days +2-14) therapy. It was 
noted that rats treated with the antagonist at this dose 
from day +2 had less improvement in histopathologic 
scores compared with rats treated from day —2 (Figure 
2D). In the following 28-day reversal studies, a higher 



dose of C5a antagonist (3 mg/kg/day) was used to 
determine if this might be a more effective reversal dose 
regimen. It was found that rats treated with this dose 
regimen had significantly improved right knee widths 
(days +5-28) and gait scores (days +5-12) compared 
with drug-free arthritic rats (P < 0.05; Figures 4C and 
D). 

In all rats in the 28-day studies, there were do 
detectable levels of TNFo, either in the serum or in the 
knee lavage fluid, on day 28. The vast majority (>95%) 
of cells recovered in the lavage fluid of the right knees of 
rats were macrophages. Drug-free arthritic rats had an 
average of 46.5 ± 12.3 x 10* macrophages/ml lavage 
fluid (n - 10; Figure 5A), an -20-fold increase over 
saline-injected left knees. Rats pretreated with AcF- 
[OPdChaWR], ibuprofen, or a combination of both, or 
rats treated from day +4 with the C5a antagonist alone, 
had significantly lower numbers of macrophages in the 
right knee lavage fluid (Figure 5A). 

Histologic analysis of the right knees of arthritic 
drug-free rats revealed varying degrees of synovial cell 
proliferation and cellular infiltration, and these were 
scored overall, with an average of 2.9 i 0.3 (n = 16; 
Figures SB and 6A and B). Sections from rats cither 
pretreated with CSa antagonist (1 mg/kg/day) or treated 
from day +4 (3 mg/kg/day) had an equal reduction in 
severity of lesions compared with drug-free arthritic rats, 
with significantly decreased scores of 1.0 i 0.4 and 1.1 ± 
0.5, respectively (n = 12 in each group) (P < 0.05; 
Figures 5B and 6C and H). Conversely, rats pretreated 
with ibuprofen (30 mg/kg/day) had no improvement in 
right knee pathology, with an average score of Z9 ± 03 
(n = 6; Figures 5B and 6D and E). Rats pretreated with 
a combination of the C5a antagonist and ibuprofen also 
had a significant reduction in histopathologic scores, 
which was similar to that in rats treated with only the 
CSa antagonist (n - 12; Figures 5B and 6F and G). 

Forty-nine-day study. In drug-free rats following 
the first injection of mBSA on day 0, the right knee 
increased in width, with a peak swelling above baseline 
of 5.27 ± 0.56 mm (n = 6) on day +3. Following the 
second injection of mBSA on day 28, the increase in 
width of the right knee was similar in magnitude to the 
first challenge, with a peak of 4,47 ± 0.60 mm above 
preinjection values 1 day after the second injection 
(Figure 7A). Rats pretreated with AcF-[OPdChaWR) at 
1 mg/kg/day had significantly lower right knee widths 
compared with drug-free rats from days +1-49, with 
peaks of 2.87 ± 0.51 mm above baseline (day 3) and 
2.64 ± 037 mm (day 29) for the first and second 
injections, respectively (n - 6) {P < 0.05; Figure 7A). 
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had significantly improved gait scores from days +2-16 
and +30-44 (P < 0.05; Figure 7B). 

Examination of right knee sections from 49-day 
arthritic drug-free rats showed a more severe pathology 
than was seen in the other studies involving single 
intraarticular injection of antigen and more limited 
experimental time spans. All antigen-injected right 
knees in drug-free rats had marked inflammatory cell 
infiltration and severe synovial proliferation and fibrosis 
(Figures 8A and B). Additionally, cartilage erosion was 
observed in all sections from challenged right knees, 
resulting in an average histopathologic score of 3.9 ± 0.1 
(n = 6, Figures 7C and 8A and B). Sections of right 
knees from rats that had been pretreated with AcF- 
[OPdChaWR] (1 mg/kg/day) from day -2 onward had 
decreased pathology compared with that of drug-free 
arthritic rats, with a significantly improved score of 1.7 ± 
0.7 (n « 6, Figures 7C and 8C and D). 
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Figure 6. Sections of knees from tats m the 28-day study. A, Arthritic 
right knee of a drug-free rat, with inflammatory cells (IC) lining the 
cartilage and areas of synovial fibrosis (F) indicated (score 15). B, 
Higher magnification of the boxed area in K with neutrophils (N) and 
macrophages (M) evident. C, Right knee of an AeF-(OPdChaWR) (1 
mg/kgjday, days -2-28)-treated rat (score 0); D, Right knee of an 
ibuprofen (30 mg/kg/day, days -2-28)-ueated rat (score 3). E, Higher 
magnification of the boxed area in D, with macrophages shown. F, 
Right knee of an AcF-[OPdChaWR] (1 mg/kg/day) + ibuprofen (30 
mg/kg/day) combination (days -2-28)-lreated rat, with the patella (P) 
indicated (score 1). G, Higher magnification of the boxed area in F, 
with activated synoviocytes (AS) shown. H, Right knee of on AcF- 
[OPdChaWRJ (3 mg/kg/day, days +4-28)-treatcd rat (score 0). S » 
areas of synovitis. Images are typical and representative of each 
treatment group, and the score indicated is for the section shown. 
(Hematoxylin and eosin stained; original magnification X40 in A, Ci D, 
f, andH; X200 in B, and Et X 400 in G.) 

Gait scores increased in drug-free arthritic rats, with the 
deterioration in gait proportional to right knee widths, 
and maximum gait scores following both the first and the 
second injection (Figure 7B). C5a antagonist-dosed rats 




Figure 7. Right knee swelling, gait scores, and histopathologic scores 
(49-day study). Antigen was injected into the right articular capsule of 
rats on days 0 and 28, which resulted in increases In knee swelling and 
gait scores (scored 0-4). Rats treated with AcF-[OPdChaWR| (1 
mg/kg/day) from day —2 onward had significantly reduced knee 
swelling (A) and gait scores (B) compared with drug-free arthritic rats. 
On day 49, animals were killed and histopathologic analysis (scored 
0-4) was performed on stained knee sections. Rats treated with 
AcF-(OPdChaWR] (I mg/kg/day, days -2-49) had significantly lower 
scores compared with drug-free arthritic rats (C). Results are ex- 
pressed as the mean and SEM, with periods of significant difference 
from drug-free arthritic rats denoted by ban. D » period when 
drug treatment began; Ag - days antigen was injected. * = J* < 0.Q5; 
n = 6. 
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Figure & Sections of knees from rats in the 49-day study. A, Arthritic 
right knee of a drug-free rat, with inflammatory celts (IC) degrading 
the cartilage and a section of cartilage erosion (CB) shown (score 4). 
B, Higher magnification of the boxed area in A, with macrophages (M) 
and fibrocytes (Fc) shown alongside cartilage erosion. C, Right knee of 
an AcF-[OPdChaWR] (1 mg/kg/day, days -2-49)-treated rat, with 
mild appearance of inflammatory cells lining cartilage (score 1). D, 
Higher magnification of the boxed area in C, with macrophages shown. 
S = areas of synovitis. Images are typical and representative of each 
treatment group, and the score indicated is for the section shown. 
(Hematoxylin and eosin stained; original magnification X40 In A and 
C; X200 in Band D.) 

DISCUSSION 

Current drug treatment of RA involves the inhi- 
bition of cytokines and other mediators thought to be 
involved in its pathogenesis. The complement factor C5a 
is also recognized as a very important proinflammatory 
mediator in RA (6). Levels of C5a in the plasma and 
synovial fluid of patients with RA are higher than those 
found in patients with osteoarthritis (5). The pathology 
of RA includes the recruitment and accumulation of 
neutrophils and monocytes in the synovial tissues, with 
the down-regulation of CSa receptors in monocytes 
possibly contributing to chronicity of the disease (26,27). 
Synovial effusions contain high levels of C5a, which is a 
powerful chemoattractant for neutrophils and mono- 
cytes and invokes microvascular plasma leakage within 
the tissues (4,26). Inhibitors of activation of the comple- 
ment system, or of the formation or action of CSa, have 
therefore been proposed to be of potential use in the 
treatment of RA. Anti-CS monoclonal antibodies have 
been shown to block the development of CIA in rats as 
well as reduce the progression of established pathology 
(15). A recombinant protein inhibitor of complement 
activation, sCRl, has been suggested as a potential 



therapy for RA because efficacy with this compound has 
been shown in various animal models of arthritis 
(12,13,28), 

The mode] of an antigen-induced monarticular 
Arthus reaction produces a discrete lesion of highly 
reproducible severity in a single joint, leaving the con- 
tralateral joint available for comparison. It has been 
suggested that the changes in the joint in clinical RA are 
due to this reaction (29). Neutrophils predominate in 
the synovia] fluid in RA, particularly in the early stages, 
and this is mirrored in this rat model (30). Mononuclear 
cells were the predominant inflammatory cells in the rat 
synovium; this is also the case in RA (31). Additionally, 
the presence of the proinflanimatory cytokines TNFa 
and IL-6 in the arthritic knee joint and TNFa in the 
serum of rats in the 14-day study correlates with the 
presence of these cytokines in the joints of arthritis 
patients (32). 

The findings reported here show that an orally 
active, small molecule antagonist of the C5a receptor 
reduces the disease severity in a rat model of immune- 
mediated arthritis, Given on a daily basis, either before 
the initiation of arthritis or after symptoms were detect- 
able, the drug reduced both joint swelling and gait 
symptoms. In the latter treatment case, drug therapy was 
started either 2 or 4 days after the lesion was stimulated 
in order to mimic the human clinical situation where a 
patient would present with an acute progressive lesion. 
In the 14-day study, PMNs were the predominant cell 
recovered in joint lavage fluid, whereas in the 28-day 
study, macrophages were the principal cell type found. 
In these shorter-term studies, cartilage erosion did not 
occur. In order to stimulate erosion, it was necessary to 
prolong the duration of the study and rechallenge the 
rats with antigen. Under these conditions, the CSa 
antagonist was again effective in reducing the degree of 
structural change in the joint. 

These results show that this class of drug has 
multiple activities at different stages of the disease 
process. In previous short-term studies involving endo- 
toxic shock and the Arthus reaction in the peritoneum 
and the dermis, the CSa antagonist was very effective at 
inhibiting the inflammatory challenges (21^2,33). The 
results of the present study demonstrate the efficacy of 
this class of drugs in a model of chronic immune 
complex-mediated inflammation, following daily oral 
administration of the drug. 

The destruction of cartilage in osteoarthritis re- 
sults'from the IL-l~stimulated degradation of proteogly- 
cans and Inhibition of chondrocyte proteoglycan synthe- 
sis (18). NSAIDs protect the joint from swelling and 
cellular infiltration, but have little effect on disease 
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progression, while glucocorticoids normalize proteogly- 
can synthesis (17,18). Hie NSAID ibuprofen diminishes 
the responses in the rat as measured by joint swelling 
and disturbance of gait, and these findings equate well 
with the response to most NSAIDs in the clinic (17,34). 
Ibuprofen is less successful in reducing the structural 
pathology in the rat joint, and this is also similar to 
human clinical findings (17,34). In contrast, the CSa 
receptor antagonist used in this study significantly re- 
duces the degree of structural pathology in the joint as 
well as other signs of the disease in the rats. This ability 
to moderate structural changes in the joint is a clear 
advantage over most of the NSAIDs. 

The CSa antagonist used in the present study is 
orally active, with peak circulating plasma levels around 
0.1-0.3 t*M following a single oral dose of 3 rag/kg (22). 
The drug has a high affinity for human CSa receptors, 
and is an insurmountable antagonist active at low nano- 
molar concentrations (25). The drug was developed by 
structural analysis of the effector portion of CSa, and is 
a cyclic peptide that is resistant to metabolic degradation 
in the gut and plasma (20). In rats, a single oral dose of 
10 mg/kg inhibits the neutropenia response to IV CSa 
for up to 24 hours (22), and oral treatment for 7 days at 
a dose of 1 mg/kg completely blocks the binding of CSa 
to circulating PMNs. In the present study, administra- 
tion of 1 mg/kg/day was also an effective oral dose for 
reducing the expression of the arthritis symptoms and 
joint pathology. This CSa antagonist does not inhibit the 
formation of MAC at concentrations up to 100 }iM 
(Strachan AT: unpublished observations), indicating 
that, at least in the rat model of monarticular arthritis, 
inhibition of CSa alone is sufficient for effective reduc- 
tion of symptoms and pathology. Similar results have 
been found in the same rat model of arthritis for the 
protein sCRl, which inhibits the formation of C3a, CSa, 
and MAC (12). This is consistent with our hypothesis 
that CSa is a major pathogenic mediator of disease 
pathology in this model. The precise role of MAC in 
antigen-induced monarticular arthritis, however, re- 
mains to be fully established. 

In this study, combination drug therapy with 
ibuprofen and the CSa antagonist was found to be no 
more effective than therapy with the CSa antagonist 
alone. CSa causes the release of eicosanoids when 
administered in vivo to a variety of animal species, and 
the effects of CSa on blood pressure are blocked by 
cyclooxygenase inhibitors (35-37). The lack of addi- 
tional efficacy on all parameters with the combination 
therapy may be due to the fact that the eicosanoid 
cascade is blocked early on by the CSa antagonist. The 



increased efficacy of the CSa antagonist over ibuprofen 
for joint pathology may be due to the additional inhibi- 
tion of expression of proinflammatory cytokines, such as 
TNFa and IL-6. The importance of TNFa in the pathol- 
ogy of RA has been clearly demonstrated in a number of 
studies and has led to the development of a soluble 
TNFa receptor-based treatment (etanercept) in RA 
(38,39). It has previously been shown that inhibitors of 
CSa reduce the expression of TNFa and TLr6 in other 
disease models in vivo (21-23,40,41). The ability of the 
CSa antagonist to inhibit the expression of TNFa indi- 
cates an early role for CSa in the inflammatory cascade, 
and suggests a pivotal role for the therapeutic use of CSa 
antagonists in RA. The disease-modifying properties of 
the CSa antagonist in the present study may be due to its 
capacity to inhibit formation of both these cytokines and 
eicosanoids, rather than to the inhibition of eicosanoids 
alone. 

In summary, this study demonstrates for the first 
time that a small molecule CSa receptor antagonist, 
given orally, prevents some principal signs of arthritis 
and significantly reduces the joint damage caused by an 
immune-mediated monarticular arthritis in rats. The 
disease-modifying effects of this antagonist suggest a 
potential use for CSa antagonists as antiarthritic agents 
in the clinic. 
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